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Debye lengthMechanotransduction is the initiation of an electrochemical signal as a result of mechanical stimuli. It is found
predominately in biological tissue and its mechanisms are well documented. In the gel like tissues of the body,
such as articular cartilage and intervertebral discs, mechanotransduction regulates matrix building and
degrading processes as well as keeping the tissues adequately hydrated, both with the aim of minimizing degra-
dation. The electrochemical responses to mechanical loading at constant volume of an inanimate hydrogel could
assist in the understanding of these processes.
There is considerable evidence that the modulus of hydrated tissues and hydrogels depend explicitly on ionic
concentration. By modeling the mechano-electrochemical relationship of a hydrogel, the coupling of the elastic
and electrochemical energies can be quantified. In turn, the mechanisms that govern this phenomenon can be
better understood. This study modifies the Flory-Rehner theory of gels, using material-specific experimental
data as input. The results show up to a 11% difference in equilibrium swelling magnitude compared to the
Flory-Rehner model. Furthermore, under isochoric deformation, an increase in electrical potential is shown
with increasing shear strain, something which is not possible with conventional Flory-Rehner and Donnan the-
ory. This aligns the continuummodel presented here more closely with both experiment and microscopic theo-
ries. The mechanosensing capabilities as well as varying swelling responses in different solution concentrations
highlight the models potential applications in both biological and technological settings.
© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).f Limerick, Castletroy, Limerick,
td. This is an open access article und1. Introduction
Hydrogels are inanimate fluid filled porous networks of macromole-
cules. They share many features with biological tissue like articular car-
tilage and intervertebral discs (IVDs). Predominantly long cross-linked
chains of repeat sub-unit molecules give the tissues their structure.er the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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enced by the presence of large ionized molecules [1,2]. The need of bio-
logical tissue to sense and control their environment results in strong
mechano-electrochemical relationships within these tissues [3–6].
Although it is easy to assume these relationships are exclusive to live
cellular materials, they are not unique to biological tissue. Mechano-
electrochemical interactions occur in polyhydroxyethylmethacrylate
gels neutralized with sodium methacrylate (pHEMA/NaMA) hydrogels
at constant strain [7]. By applying minute torque to the gel in solutions
of increasing ionic strength, the shear modulus reduced by a factor of
two under isostrain conditions. This relationship between the ionic
and elastic energies of the gel shows the Flory-Rehner (FR) theory [8]
is not perfect in describing the equilibrium states of gel networks.
Many studies have claimed similar in [2,9–12], yet the effect of assum-
ing FR theory is untrue has been found to beminimal and hence its con-
tinued use is ongoing [13].
The exact mechanism that causes the interaction between the ion-
ized molecules and elastic network originates from Debye theory [14].
An increase in the ionic strength of the solution will cause a decrease
in the Debye length and hence a reduction of electrostatic interactions
between individual polyelectrolyte chains (according to Eq. (1))
[2,15]. Furthermore, as part of the stiffness of the hydrogel stems from
an increased number of water molecules trapped within the diffuse
double layer with its increased length, the modulus of the gel decreases
with increasing ionic strength and vice versa (depicted in Fig. 1). In an









where εr is the dielectric constant of themedium, ε0 is the dielectric con-
stant of a vacuum, NA is Avagadro's number, kB is Boltzmann's constant,
T is temperature, e is the protonic charge and I is the ionic strength of
the medium [16,17].
There are a wide range of continuum scale swelling models of
hydrogels. These models apply finite element, finite volume, etc.
methods to simulate fluid induced swelling. The mechanics of the pro-
cess is difficult to fully understand due to its multi-scale nature. Models
implement either statistical or continuum mechanics which concen-
trate on the micro and continuum scale respectively. Both approaches
provide representative results [?]. A limitation of continuummechanics
when applied to polymer networks is the averaging out of the micro-
scale. This reduces the degrees of freedomwhich allows for the genera-
tion of constitutive relations. However, a level of detail is lost during the
averaging which enhances the importance of correct parameterization.
Therefore, the accuracy of the initial conditions and the constitutiveFig. 1. Schematic of themicro-structure of a hydrogel highlighting (A) the thickdouble layerwh
high ionic strength solution. Both schematics, (A) and (B), pertain to the same hydrogel at the
chloride (NaCl), the boundary of the gel is the thick black line, the blue negative molecules are
double layer is highlighted by the green arrow in each schematic. An increase in double layer
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relations of the model is essential in ensuring the efficacy of the
simulation.
There are a wide range of mechano-electrochemical studies of vari-
ous material types. Although the majority of these models revolve
around biological tissue [18–22], several polymer/electrolyte based
models exist [23–26]. Most notably, the interaction mechanisms be-
tween polyelectrolytes were modeled at the microscopic scale using
the Poisson-Boltzmann equation, showing the influence of the electro-
static contribution on articular cartilage stiffness [2]. The shear stiffness
of cartilage increases with decreasing ionic concentration at constant
strain. As the Donnan theory only accounts for changes in electrochem-
ical concentrations as a result of volume change, under isochoric condi-
tions themacroscopicmodeling of this processwould lead to unaffected
results which contradicts experiments and Poisson-Boltzmann theories.
Therefore, adaptations to Donnan theory are required to capture the
electrostatic contribution to the materials stiffness.
This study focuses on assessing the impact of coupling the ionic and
elastic energies of a hydrogel on the electrochemical constituents of the
gel as well as swelling dynamics and magnitude. This will be achieved
by the derivation of a material specific mechano-electrochemical
model adapting the FR and Donnan theory to reflect experimental
data from [7]. The ionic osmotic pressure and the effective stress will
be assessed in response to 3D swelling simulations in both constant
and variable external solution concentrations. The electrical potential
in the material and the molar concentrations of the positive and nega-
tive ions will also be analyzed in response to simple shear to negate
the effect of deformation induced fixed charge changes. The aim is to
evaluate the impact of the non-separability of the FR theory energies
on predictions of large deformations of a three-dimensional finite ele-
ment hydrogel swelling model. and that this mechanism could be an
area of interest in mechanotransduction in soft porous biological tissue
(e.g. extracellular matrix, articular cartilage & intervertebral discs).
2. Theory
2.1. Chemo-mechanical coupling
The Flory-Rehner theory of gels in equilibrium states the perfect sep-
arability of the total Helmholtz free energy (Wtotal) into a mixing
(Wmixing), ionic (W ionic) and elastic (Welastic) contribution,
Wtotal ¼ Wmixing þW ionic þWelastic; ð2Þ
where Wmixing depends on water content, W ionic depends on ionic con-
centrations and Welastic depends on strain [8]. The governing equations
of swelling equilibrium are derived from the differentiation of each ofen exposed to a low ionic strength solution and (B) the thin double layerwhen exposed to a
same strain, only equilibrated at different salt concentrations. Here the solution is sodium
the polymer sub-units and the red positive ions are the counterions. The thickness of the
thickness causes more trapped water leading to an increased material stiffness.
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cylindrical neutralized pHEMA gel disc in baths of various salt concen-
trations andmeasuring the shear modulus of the gel, an increase in salt
concentration reduced the shearmodulus by a factor of two (see Fig. 2).
As these changes occur at the same strain,Welastic should also depend on
ionic concentration. Hence, the assumption of Eq. (2) is not exact. As a
result, the equations governing the elastic and ionic energies in the gel
need to be re-derived. The elastic energy is denoted by a neoHookean
strain energy density function,
Welastic ¼
G Ið Þ 1þ 0:5ϕp,0=J
 
12 1−ϕp,0=J
  ln 2 det Cð Þð Þ
þ 1
2
G Ið Þ tr Cð Þ−3det Cð Þ1=3
 
, ð3Þ
whereϕp, 0 is the initial polymer volume fraction, J is the determinant of
the deformation tensor F, C is the right Cauchy-Green strain tensor and
G is the shear modulus [27]. The ionic energy is given as,


























where μα, 0 is the reference chemical potential of constituent α (f,+,- for
the fluid, positive ions and negative ions respectively), ϕα is the volume
fraction α, Γ is the osmotic coefficient, Vα is the molar volume of α, R is
the universal gas constant and T is the temperature. The full expression
of the coupled Welastic þW ionic is now denoted as,
Wcoupled ¼ Welastic þW ionic, ð5Þ
in whichWcoupled depends on both strain and ionic concentration.
2.2. Effective stress
The effective stress acting on the solid matrix of the gel (σeff) is con-
ventionally assumed independent of the molecular composition of the
swelling solution,
σeff ¼ J−1F ∂Welastic∂C FT , ð6Þ
where J (volume change) is the Jacobian of the deformation tensor, F.
However, the coupling of the electrochemical and mechanical proper-
ties of the gel, results in the addition of the ionic energy term to Eq. (6),Fig. 2. The effect of ionic strength on the shear modulus of a pHEMA hydrogel at constant
strain. A power function (broken black line) is fitted to the experimental data (R2=
99.46%). Adapted from [7].
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Subbing Eq. (3) and Eq. (4) into Eq. (5), and then into Eq. (7), and
differentiating with respect to the right Cauchy-Green strain results in
the effective stress,
σeff ¼ − ln Jð ÞG Ið Þ6J I −1þ
3 J þ ϕp,0
 
−J þ ϕp,0












where I is a second order identity tensor and G(I) is the shear modulus
dependent on the ionic strength of the external solution (I),
I ¼ 1
2
cþ þ c−ð Þ, ð9Þ
where c+ and c− are the concentrations of the positive and negative
molar concentrations of the external solution. As none of the terms in
Eq. (4) are dependent on strain, the resulting effective stress is identical
to previous except for the concentration dependent shearmodulus. The
expression of the new shear modulus is determined by fitting a power
function to the experimental data outlined in [7] (shown in Fig. 2),
resulting in,
G Ið Þ ¼ 0:0027 Ið Þ−0:307: ð10Þ
2.3. Ionic osmotic pressure
The original derivation of the ionic osmotic pressure (Πionic) is the
differentiation of the ionic contribution to the Helmholtz free energy





The diffusion of the ions is not considered here as they diffuse in-
finitely quick into the gel in comparison to the speed of fluid flow
across the gel boundary [28]. The diffusion coefficient of the ions is
in the region of 10−9m2s−1 [29], whereas the hydraulic pressure dif-
fusion coefficient is a multiplication of the elastic modulus and hy-
draulic permeability (equal to 10−11m2s−1), showing the ions
diffuse 102 quicker than the fluid. Again, after the coupling of the
ionic and elastic energies, the influence of the elastic portion on






Differentiating Eq. (12) results in the ionic osmotic pressure inside
the gel of the new mechano-electrochemical model as,
Πionic ¼ RT cþ þ c−ð Þ
þ ∂G
∂I










where ∂G/∂I is the first derivative of the shear modulus (Eq. (10))
with respect to the ionic strength. The shear modulus, G, is considered
a function of ϕf through the chain rule,
Þ
Table 1
Model parameters used for each simulation.
Parameters Value
Constant Shear Modulus (kPa) 40
Initial Hydraulic Permeability (mm4 N−1 s−1) 10−3
Initial Porosity 0.95
Temperature (K) 298
Initial Counterion Concentration (moleq/L) 0.2
External Solution Concentration (mol/L) 0.1, 0.154 & 0.2







as the ionic strength, I, is dependent on the fluid volume fraction.
2.4. Electrochemical potential of the ions
As the electrochemical potential of the ions inside the gel is also a
function of the ionic Helmholtz free energy, the calculation needs to
be re-derived to include the coupled energy. Defining the boundary
condition of the electrochemical potential per unit mole (μ) between
inside (int) and outside (ext),
μ þ,−ð Þ,ext ¼ μ þ,−ð Þ,int , ð15Þ
for both positive and negative ions, allows for the calculation of themo-
lar concentrations of ions within the gel, c(+,−). The external electro-
chemical potentials of positive and negative are defined as,








respectively, whereℱ is Faraday's constant, ξ is the electrical potential,
p is the pressure and μ is the electrochemical potential per unit volume
[15,28]. The pressure term, pV , is considered negligible here compared
to the influence of the energy terms. Also, as the external solution is
taken as the reference, the electrical potential, ξ, can be set to zero,
resulting in
μþ,ext ¼ Vþμþ,ext,0 þ RTln cþ,extð Þ, ð18Þ
μ−,ext ¼ V−μ−,ext,0 þ RTln c−,extð Þ: ð19Þ
Previously, the internal electrochemical potentials of the positive
and negative ions were a function of just the ionic energy of FR theory,
μþ; int ¼ Vþμþ; int;0 þℱ ξþ
∂W ionic
∂ ϕþ=Vþ
  ; ð20Þ
μ−; int ¼ V−μ−; int;0−ℱ ξþ
∂W ionic
∂ ϕ−=V−
  : ð21Þ
However, the new internal electrochemical potentials are given as
function of the coupled energy, Wcoupled, and hence have a dependency
on strain,
μþ; int ¼ Vþμþ; int;0 þℱ ξþ
∂Wcoupled
∂ ϕþ=Vþ
  ; ð22Þ
μ−; int ¼ V−μ−; int;0−ℱ ξþ
∂Wcoupled
∂ ϕ−=V−
  ; ð23Þ
replacing the originalW ionic with the new Wcoupled in the last term. Dif-
ferentiating Eq. (22) and Eq. (23) results in the full terms for the new
positive and negative internal electrochemical potentials,








































where the first three terms are the classical expression while the forth
and fifth terms are new strain dependent terms. Again, the influence
of the diffusion of the ions is disregarded here considering their infi-
nitely fast diffusion compared with the hydraulic pressure. Setting
Eq. (18) equal to Eq. (24) and Eq. (19) equal to Eq. (25), according to
Eq. (15), i.e. equating the internal electrochemical potential to the exter-
nal, and rearranging in terms of the electrical potential term,ℱξ, allows
for equaling the positive and negative electrochemical potentials in
order to derive the Donnan theory equations,
























ℱ ξ ¼ −RTln c−; ext























are equal to the molar
concentrations of the positive and negative ions respectively. Setting
Eq. (26) equal to Eq. (27), i.e. equating the positive electrochemical po-
tentials to the negative, allows the derivation of the updated Donnan
theory equations formolar concentrations of both positive and negative
ions,
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In a univalent solution, the concentration of positive and negative
ions are the same (c+, ext = c−, ext). Hence, tidying up Eq. (28) leads to,
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tr Cð Þ−3det Cð Þ1=3
 
, ð31Þ
allows the isolation of the molar concentrations,
c2ext ¼ cþc−ð Þek: ð32Þ
Applying electroneutrality,
c− ¼ cþ þ cfc, ð33Þ
where cfc is the concentration of fixed charges and utilizing the qua-
dratic formula results in new expressions for the molar concentrations
of positive and negative ions inside the gel dependent on strain differing
slightly from Donnan theory,Fig. 3. (a) Volume change, (b) Modulus, (c) Ionic Osmotic Pressure and (d) the addition of posi





















Notice that if there is no strain acting on the gel, the exponential
term, ek, goes to one, hence returning the expression to the original
Donnan theory formulas for calculating positive and negative molar
concentrations inside the gel.
2.5. Mixing energy
Themixing energy defines the swelling pressure associatedwith the
attraction of water molecules to the hydrophilic polymer chains of the






þ ϕp þ χ0ϕ2p þ χ1ϕ3p
 
, ð36Þ
whereχ0 andχ1 are the Flory-Huggins interaction parameters detailing
the relationship between the solid and fluid [30,31]. The mixing pres-
sure remains as is in Eq. (36) throughout this study.
2.6. Simulation details
The presentedmechano-electrochemicalmodel is implemented into
a three-dimensional Mixed Hybrid Finite Element Method (MHFEM)tive and negative molar concentration of ions (c+ + c−) as a function of time showing the
Fig. 4. Spatial distribution of the volume change difference between the control and the newmechnano-electricochemical model over the time points (a) 2.56 s, (b) 75.39 s, (c) 452.63 s, &
(d) 2042.31 s.
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deforming porous media by calculating the fluid flux field as an inde-
pendent variable (along with position and chemical potential). The hy-
drogel begins in an infinitely high concentration salt solution and is then
placed into the target ionic strength solution. This negates the need to
model fluid flow into an unsaturated porous medium. The external so-
lution is also assumed to be infinitely large so thatfluid flow into the po-
rous medium does not effect the molarity of the solution. The original
MHFEMmodel (without the relationship displayed in Fig. 2) is used as
the control model throughout this study. The shear modulus in this
model is selected at 40 kPa for any external solution concentration.
The ionic pressure of the control model is the conventional, Πionic =
RT(c++ c−), rather than the equation presented in Eq. (13) and follows
standard Donnan theory. The model parameters used throughout this
study are detailed in Table 1.
3. Results & discussion
3.1. Swelling
To assess the impact of the new material model on hydrogel swell-
ing, volume change simulations are conducted at a variety of external
solution concentrations. The volume change, modulus, ionic osmotic
pressure and ionic concentrations of an eighth of a sphere meshed
with 896 linear hexahedral elements are assessed for both the control
[28] andmechano-electrochemicalmodel in sodiumchloride (NaCl) so-
lutions of 0.1M, 0.154M&0.2M (Fig. 3). The shearmodulus throughout
the transience of the swelling process remains constant in bothmodels,
however, the mechano-electrochemical model selects an initial modu-
lus based off of the concentration of the external solution (according
to Eq. (10)) whereas the control model is user input. The change in
modulus is determined by the size of the double layer, which is influ-
enced by the Debye Length. According to Eq. (1), the Debye lengthFig. 5. (a) Electrical potential and (b)molar concentrations of cations and anions changes in resp
model. The analytical solutions of the MEC model are also included in both graphs.
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increases with decreasing electrolyte concentration, hence increasing
electrostatic interactions between polymer chains as well as trapping
more water within the double layer. This contributes to increased stiff-
ness of thematerial. Here, 40 kPa has been selected for the controlmod-
ulus to replicate the modulus at physiological salt concentrations (0.9%
wt. NaCl). Although themoduli of both models are identical at 0.154M,
they differ substantially at the 0.1 M and 0.2 M concentrations (Fig. 3
(b)). This difference would be enhanced further, at concentrations be-
yond these limits highlighting the effect of this mechano-
electrochemical model on the pre-swelling condition of the material.
The effect of this modulus change is seen in the volume change re-
sults in Fig. 3 (a). As expected, due to the same moduli, both models
of the 0.154 M simulation converge at similar volume changes. The
slight deviation noticed can be attributed to the change in ionic concen-
trations and ionic osmotic pressure as a result of the mechano-
electrochemical coupling (Fig. 3 (c) & (d)). For these two variables,
both models begin swelling with identical values, yet as the strain in-
creases, the mechano-electrochemical model begins to deviate from
the control model and finally converges at a higher value. Yet, these
changes are not significant. The 0.1M simulation shows themost drastic
change in swelling magnitude with an 11% stiffer response when com-
pared to the controlmodel as a result of a greater than5 kPa stiffermod-
ulus. Fig. 4 shows this difference spatially at four timepoints throughout
the swelling. At the beginning of the swelling, themodels show little dif-
ference. However, as the swelling progresses (and the swelling pressure
reduces) the effect of the higher modulus causes a considerable stiffen-
ing of the gel. Eventually, the mechano-electrochemical model con-
verges to a volume change 0.6 less than that of the control model. It is
also worth noting that the difference between the models does not
occur homogeneously. The extremities of the gel begin to differ first
(Fig. 4 (b) & (c)), due to the non-homogeneous permeability and
hence fluid flow into the gel. Once equilibrium is reached, the difference
returns to a homogeneous state throughout the gel.onse to a shear strain up to 300% for the control and newmechano-electrochemical (MEC)
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Conventional Donnan theory does not result in changes in electro-
chemical constituents under isochoric conditions [2]. The inclusion of
strain dependency in the presented mechano-electrochemical model
is tested to conclude its effect on electrochemical components of the
gel under simple shear. To quantify the change of electrical properties
of the gel caused by the newmodel, the electrical potential (ξ), denoting
the voltage difference between the gel and the external solution needs















  ln2 det Cð Þð Þ þ 1
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Eq. (37) aswell as themolar concentrations of positive and negative
ions are calculated for the model of [28] and the new mechano-
electrochemical model with increasing shear strain. A cuboid was ex-
posed to a simple shear strain of 300% with the results presented in
Fig. 5. Across each parameter shown, the control model results in a con-
stant electrical outcome with increasing strain. Simple shear is selected
to mitigate the effect of volume change on the molar concentrations





where cfc, 0 is the initial counterion concentration,whichwould influence
the calculations in Eq. (34) and Eq. (35). This is highlighted in Fig. 5 (a),
showing the volume change remains constant at 1 throughout the course
of the applied shear strain. Therefore, as a result of the concentrations not
being influenced by volume change or strain, a constant response from
the controlmodel is expected andobtained. On the contrary,with the ad-
dition of a strain term in the calculation of ionic composition within the
gel, an increase of concentration of both cations and anions with increas-
ing shear strain is shown (Fig. 5 (b)). At the starting point (no applied
strain), the strain term, k, equals zero and hence the exponential function
equals 1, returning the equation to the one used in the control model. At
maximumstrain, the electrical potential of themechano-electrochemical
model differs from the control by 1.4mV, with strains above 300% signif-
icantly increasing this difference (Fig. 5 (a)). As these simulations have
been conducted under isochoric conditions, both the streaming potential
and diffusion potential can be considered to have a negligible contribu-
tion to the change in membrane potential. The initial potential of
−15.7 mV is solely comprised of the Donnan potential, which conven-
tionallywill remain constant at constant volume. The change in potential
with increasing shear strain can be attributed to the electrostatic interac-
tions between the charged polymer chains as they move relative to each
other. This phenomenon was shown in articular cartilage and modeled
using microscopic theories [2]. Hence this model aligns the Donnan the-
oretical model more closely with microscopic theories (Poisson-
Boltzmann) as well as experiments [7].
In order to validate the implementation of the new model into the
numerical simulations, an analytical solution is used. Themolar concen-
tration of cations and anions aswell as the electrical potential of a single
cubic element were calculated, using Eq. (34), Eq. (35) and Eq. (38) re-
spectively, when exposed to simple shear of up to 300%, with the results
represented by the circles in (a) and (b) of Fig. 5. The analytical solution
is sampled at 30 strain points (every 10%) which is implemented in
the right Cauchy-Green Strain, C, of Eq. (31). The new mechano-
electrochemical model results of the numerical simulations shows
a good fit with the analytical solution and hence validating its
implementation.7
4. Conclusions
A new mechano-electrochemical model coupling the elastic re-
sponse of a hydrogel to its ionic properties was presented and tested
under simple shear and finite swelling in various external solution con-
centrations. Material specific experimental data of the relationship be-
tween the shear modulus and ionic strength of the swelling solution
was used as model input. Under constant volume deformation (simple
shear), the molar concentrations of the ions within the gel increased
with increasing strain. As opposed to conventional hydrogel mechanics,
thismodel can sensemechanical load and adjust its electrical properties
accordingly at constant volume. This model forms the basis for further
investigation into the mechanosensing capabilities of ionized gels with
specific emphasis on development of smartmaterials for biomedical de-
vices such as intervertebral discs and articular cartilage replacement.
The variety of the volume change responses shown for different ex-
ternal solution concentrations shows the effect of the model on hydro-
gel swelling with a particular emphasis on the initial conditions.
Although changes in the transience of the process occur, these changes
are not significant. However, the changes in swelling magnitude
coupled with electrochemical responses as a result of the environmen-
tal conditions could lead to applications in several technological appli-
cations, such as self-powered biosensors [32]. The effect on swelling
magnitude shows that a portion of the stiffness of thematerial can be at-
tributed to the boundwater within the electrical double layer. Although
experimental data was used as inspiration and input for this model, for
full validation of the mechano-electrochemical coupling, experimental
measurement of the electrical potential across the gel membrane with
increasing shear strain is required. Yet overall, this study has developed
the framework for a macroscopic mechano-electrochemical material
model adapted from FR andDonnan theory, capable of sensingmechan-
ical load at constant volume and creating an electrochemical response
with potential application in both biomedical and technological space.
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